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Abstract: The use of organic coatings in conjunction with cathodic protection (CP) for buried struc-
tures is the usual method for protecting steel against corrosion. When the organic coating loses
its protective ability, regardless of the reason, the CP becomes the active protection, leading to a
specific local environment. This environment can be characterized by high alkalinity, which can
be detrimental for the coated structure, either by weakening the steel–coating interface or by the
chemical aging of the coating. Thus, the coating must be compatible with CP and able to sustain aging
under an alkaline environment. In this study, the susceptibility to alkaline aging and its consequences
in regards to coating performance have been investigated for two commercial coatings used for
buried structures—fusion bonded epoxy (FBE) and liquid epoxy (LE)—in free membrane and coated
steel configurations. The results showed a clear impact of alkaline aging on the studied LE, leading
to a significant reduction in coating resistance and ultimately, failure of the steel–coating interface,
whereas the studied FBE remained stable. The presented results relate to a precise formulation of LE
and FBE; however, the proposed chemical method appears to be relevant and shows the necessity of
considering such specific aging results for coating specifications and improvements.

Keywords: alkaline aging; epoxy; cathodic protection; EIS; water uptake

1. Introduction

Surface protection against corrosion will always be a topic of great interest, as all
materials are bound to age. Furthermore, failure due to corrosion may be highly costly and
can affect up to 3.4% of the global gross domestic product [1]. Several solutions, such as the
application of organic coatings, exist to correctly protect metallic surfaces to slow down
corrosion. In the case of buried steel structures, such as pipelines or tanks, the corrosion
protection consists of a combination of organic coatings and cathodic protection (CP). The
role of organic coating is to create an insulating barrier, inhibiting the corrosion reactions
and limiting the diffusion of aggressive species like water, oxygen, or ions involved in
corrosion processes (Cl−, SO4

2−, Na+, K+, NH4+, and Ca2+). The CP becomes the active
protection when the organic coating loses its barrier ability for different reasons, such as
mechanical impacts, poor surface preparation, internal stresses, etc. [2–9]. The activation of
the CP can induce a local alkalinity, which may impact the organic coating and its interface.

Near an open defect, this local alkalinity arises from the electrochemical reactions
between iron and oxygen or water occurring at the steel–coating interface, leading to the
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production and accumulation of hydroxyl ions at this interface [6,10–12]. The induced local
alkalinity depends on the applied CP current, the OH− diffusion, and their interaction
with the media [13–15]. This alkaline environment can cause adhesion loss, called cathodic
disbondment (CD), through different mechanisms, sorted in the literature into three main
groups, all of them potentially occurring together: reduction of the oxide layer, chemical
degradation of the coating, and interfacial failure [3,10,16]. Thus, when organic coatings
and CP are used in conjunction, the ability of the intact coating near the open defect to
sustain the effect of the CP must be considered when selecting the appropriate coating, as
a function of the intended application. Indeed, the extent of CD will be dependent upon
the strength of the steel–coating interface but also on the coating susceptibility to chemical
aging in alkaline media. Many standardized test methods for the evaluation of cathodic
disbondment are available, whereas the assessment of the coating susceptibility to chemical
aging is less characterizable [17–19].

Even though the possible chemical aging of the polymeric matrix under alkali con-
ditions is known, such a mechanism has not been fully studied, especially in regards to
commercial coatings containing fillers and additives in addition to the polymeric matrix.
Traditional coatings in the pipeline industry include the use of fusion bonded epoxy (FBE),
liquid epoxy (LE), or three-layer polyolefin (3LPO) [3,20]. The FBE is a powder coating
(solvent free), based on epoxy chemistry, in which the film formation is achieved at high
temperatures under high shear, whereas the LE coating is a traditional solvent-borne
coating, which is also based on an epoxy chemistry. The 3LPO is a multi-layered system
consisting of an epoxy primer, FBE or LE, an adhesive layer, and a polyolefin topcoat. In a
recent study, a 30-year-old disbonded FBE coating collected close to an open defect under
CP showed significant aging evidenced by a reduction in coating resistance, characterized
using electrochemical impedance spectroscopy (EIS) [21]. Under CP, in the case of buried
structures, the increase in soil pH at the vicinity of the metal can be observed even with
rather low current densities, showing the importance of considering the possible effect of
the local environment on the coating [13–15]. In addition, a drop in the coating resistance
due to alkaline aging is expected to increase the CP demand and thus, further increase the
environmental aggressiveness.

This study focused on evaluating the impact of alkaline aging on two commercial
coatings, FBE and LE, and estimating the consequences of such aging on the coating per-
formances. The coating degradation, as a free membrane, was studied by gravimetry
monitoring, EIS, and spectroscopic investigation (infrared absorption and Raman scatter-
ing), whereas in the coated steel configuration, current monitoring and adhesion tests were
performed, in addition to EIS.

2. Materials and Methods

In this section, basic information regarding the coatings and their complementary
characterizations are summarized. Two types of coatings were used: (i) free membranes,
and (ii) coated steel coupons.

2.1. Materials
2.1.1. Free Membranes

The free membranes consisted of fusion bonded epoxy (FBE) and liquid epoxy (LE)
applied on an easy-release Terphane film, allowing the obtention of free membranes. The
membranes thickness measured 500 ± 50 µm, and the size of the samples was 50 × 50 mm.

Characterization performed by scanning electron microscopy (SEM) coupled with
energy dispersion X-ray (EDX) analysis have shown that the FBE coating contained various
mineral fillers, including BaSO4, and α-Fe2O3, with some containing Zn, Al, and Mg,
and some containing Al and Si. The size of the mineral fillers was of 15 µm, on average,
whatever the nature of the mineral fraction considered (see SEM given in Figure 1a). The
polymeric matrix was made of reticulated epoxy (bisphenol A diglycidyl ether—BADGE),
likely with an amine-type hardener.
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Figure 1. SEM images in backscattered mode of (a) an FBE membrane and (b) an LE membrane
(cross-section configuration) before aging and before obtaining the corresponding EDX spectrum.

The LE membranes consisted of an epoxy network, presumably reticulated with an
amine hardener. X-ray diffraction (XRD) and SEM-EDX analysis of the coating have shown
the presence of TiO2 (Rutile), CaMg(CO3)2 (Dolomite), MgCO3, MgSi2O5(OH)4 (Lizardite),
(Mg,Fe2+)5Al((OH)8/AlSi3O10) (Clinochlore), SiO2, and CaCO3 as mineral fractions, as
presented in Figure 1b. The shape of the filler was variable using a lamellar filler and a
rough-shaped filler. Their sizes were about 70 × 10 µm, for the lamellar filler, and about
35 µm, for the rough-shaped filler. A smaller filler, 10 µm in average, was also detected.
The lamellar filler was made of clinochlore or lizardite, whereas the rough-shaped filler
consisted mainly of dolomite or sometimes clinochlore.

2.1.2. Coated Steel

In addition to free membranes, steel samples coated with FBE and LE were investi-
gated. Coated steel samples were manufactured from 200 × 200 × 5 mm raw steel sections,
for which the composition is given in Table 1.

Table 1. Composition of S235 steel, Fe balance.

Carbon Manganese Phosphorous Sulphur Silicon

0.22% max 1.60% max 0.05% max 0.05% max 0.05% max

2.2. Exposure Conditions

The free membranes and coated steel were exposed to different solutions, from deion-
ized water to various alkali pH, with addition of sodium hydroxide (NaOH—Merck
1.06498.5000 MQ300, Darmstadt, Germany).

2.2.1. Free Membranes

The free membranes were totally immersed, without agitation, in a closed polyethylene
(PE) container (both faces) in three solutions at room temperature (RT), as summarized in
Table 2. The glass transition temperature (Tg) of the different coatings is expected to be
greater than that of room temperature. For example, the dry Tg for FBE is typically around
101–106 ◦C [9].

Table 2. Free membrane aging in deionized water and NaOH.

Coating Solution Temperature Replicate Duration Comments

FBE Deionized water (DW)
DW + NaOH at pH 13 (4 g·L−1)

DW + NaOH at pH 14 (50 g·L−1)
RT 3 490 days Two sides exposedLE
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2.2.2. Coated Steel

Coated steel samples were exposed, in parallel with the free membranes, at pH 14
at room temperature. Two replicates were exposed for 360 days. The experimental setup
consisted in the assembling of a 140 mm diameter polyvinyl chloride (PVC) cell mounted
on the coated steel coupon using watertight mastic. In this configuration, only the coated
side was exposed to the solution.

To monitor a possible coating degradation over time, a 1 V voltage was applied through
the coating using a DC power supply and titanium coated with a mixed-metal oxide
(TiMMO) counter electrode. The current was continuously monitored using a 1 kOhm shunt
resistance and a high accuracy Fluke Hydra 2638 A voltmeter (Fluke, Everett, WA, USA).

2.3. Gravimetric Measurements

The coating water uptake by the free membranes versus time was quantified by gravi-
metric measurements using an analytical balance (Sartorius MSE150, Sartorius, Göttingen,
Germany) with a readability of 0.01 mg. The free membranes were kept fully immersed
in the tested solutions (deionized water, without or with NaOH, at different pHs) and
weighed periodically. The surface of the coupons was dried with a soft tissue prior to
weighing. The mass gain absorbed by the free membranes was calculated as:(

mt × 100
m0

)
− 100 (1)

where mt is the mass of the wet specimen at time t, and m0 is the mass of the dry specimen.
At the end of the test, the free membranes were left to dry in the atmosphere for one

week and then dried in a ventilated oven (40 ◦C) until the mass loss stabilized. Three
replicates were used.

2.4. Characterization
2.4.1. Electrochemical Impedance Spectroscopy (EIS)

The EIS cell consisted of a Teflon mounting cell, a Ti/MMO (titanium mixed-metal
oxides) grid as a counter electrode, a saturated calomel electrode (SCE) reference electrode,
and a 3.5% NaCl electrolyte, as presented in Figure 2. For the free membranes, a freshly
polished copper plate was used as a conductive substrate. The cell was installed in a
Faraday cage to limit noise from the surrounding environment. The exposed surface
corresponded to 9.3 cm2. The EIS measurements of the free membranes were carried out
after 1 month, 3 months, 6 months, 12 months, and after the drying step at the end of the
exposure. The measurements were performed using a 20 mV amplitude within a frequency
range from 106 Hz to 10−2 Hz using a Gamry Ref600 potentiostat (Gamry, Philadelphia,
PA, USA). Three replicates were used.
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For the coated steel samples, the EIS measurements were performed directly on
the experimental setup at the end of the test. In addition, at the end of the test and
after dismounting, the samples were cut to fit into the Faraday cage, and additional EIS
measurements were carried out. Two replicates were used.

2.4.2. Adhesion Test on Coated Samples

The adhesion of the coated steel samples was measured according to the ISO 4624
standard, which is a pull-off test [22]. The basic principle of this adhesion test is to attach a
pulling device (a stub or a dolly) to the coating with glue and then to apply a force to it
in a direction perpendicular to the painted surface until either the coating pulls off of the
substrate or failure occurs within the coating layers. The pull-off test was carried out several
weeks after the end of the test, providing information about the dry adhesion. Dollies with
a 20 mm diameter were glued to the surface with an Araldite 2013 adhesive. The test was
performed after a 24 h drying phase at ambient temperature. Before the application of the
adhesive, the coating was slightly eroded with an appropriate abrasive paper to allow for a
better mechanical interlocking.

2.4.3. Characterization of the Aging of the Free Membranes

The free membranes were analyzed using a Raman confocal spectrometer from Ren-
ishaw, Wotton-under-Edge, UK (inVia Qontor model) equipped with a TE-cooled CDD
camera (1024 × 256 pixels). Measurements were performed with a 785 nm laser source
and a 50× (long range) objective with a numerical aperture of 0.65. The laser power was
maintained at 2.6 mW to avoid samples degradation upon irradiation. The synchroscan
mode was used, with 2 accumulations and 12 s of acquisition time per point. The size of the
mapping was 40× 40 µm2, with 2.5 µm between each point (288 points of analysis). At least
two mappings were performed for each sample. The results presented are representative of
the sample signature.

The typical Raman spectra of the LE before exposure is presented on Figure 3. It
consisted of vibrational peaks from the polymeric matrix close to 1003 cm−1, between
1100 cm−1 and 1500 cm−1, close to 1587 cm−1, around 1610 cm−1, and between 2800 cm−1

and 3200 cm−1 [23–25]. The signal at 1003 cm−1 could also come from toluene or xylene,
which are commonly used as solvents in liquid epoxy formulations [26,27]. Titanium
dioxide was also observed near 446 cm−1 and 615 cm−1, which corresponded to the rutile
phase, in accordance with XRD measurements [28–30]. Typical signals of a carbonate,
most likely MgCO3, was also spotted at 1097 cm−1 [31]. The low frequency region also
allowed the presence of clinochlore at 193 cm−1 [32,33]. The other Raman bands of the
clinochlore, at 360 cm−1 and 675 cm−1, were overlapped with Raman bands from other
coating components. The Raman band at 1610 cm−1 was used as an internal reference for
intensity normalization, as it was not impacted by aging.
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Infrared analyses were performed on a Thermo Nicolet 8700 FT-IR spectrometer
(Thermo Electron Scientific Instruments, Madison, WI, USA), equipped with a KBr beam
splitter and a DTGS detector. The infrared spectra were recorded in ATR mode using a
GladiATRTM ATR accessory (Pike Technologies, Fitchburg, WI, USA) with a diamond
crystal. The spectral resolution was 4 cm−1, and the acquisition time was 1 min. At least
five replications were used for each sample.

In addition, XRD analyses were carried out using PANanalytical Empyrean apparatus
(Malvern Panalytical, Malvern, UK) with CuKα radiation (1.5408 Å) in order to identify
the mineral fraction. The LE was only analyzed at pH 14, before and after aging. SEM
investigations were also performed using a Hitachi SU 3500 (Hitachi, Tokyo, Japan) with
an EDX ThermoScientific NSS 312 (Thermo Fisher Scientific, Waltham, MA, USA). Cross-
sections of the free membranes exposed to deionized water and solution at pH 14 were
analyzed in backscattering mode at 5 keV. The cross-sections were made by cutting a portion
of the LE membrane and then embedding it in an IP epoxy resin (ambient reticulation),
grinding it with SiC 220, followed by polishing it down to 0.04 µm with diamond paste.

After the end of the test at room temperature, the solution in which the free membranes
were aged was analyzed to highlight a possible leaching of organic and/or inorganic
compounds. The presence of the total organic carbon, silicates, Ca, Mg, and Ti was
measured according to NF EN 1484 [34], NF ISO 15923-1 [35], NF EN ISO 15587-1 [36], and
NF EN ISO 11885 [37], respectively.

3. Results
3.1. Aging Effect in Deionized Water

Before evaluating the pH effect on a possible polymer aging/degradation, the effect
of immersion in deionized water was studied at room temperature. It is well known that
a “simple” aging in water can induce polymer aging [38–42]. Water uptake can generate
reversible (swelling, plasticization, etc.) and irreversible (hydrolysis of reversible groups,
etc.) changes, affecting the performance of the polymer [43–45].

The evolution of the mass gain as a function of the square root of the time of exposure
in deionized water at room temperature is shown in Figure 4. The two polymers exhibited
different behaviors. A Fickian-like process was observed for the FBE membrane, whereas
the behavior of the LE membrane was more similar to a Langmuir process.
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In the case of the FBE membrane, two major stages were observed. The first stage,
characterized by a fast mass gain, seemed to be controlled by diffusion. Epoxy polymers
are permeable to water due to the free space existing between their molecular chains
into which water molecules can diffuse [38]. The second stage was characterized by an
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equilibrium, between 1.2% and 1.5%, with a mass change rate close to zero right after
the initial fast mass gain. After drying, for the FBE polymer, a near-zero value was
obtained, showing no chemical interaction between the water and the polymer, as all
the absorbed water was released [46]. It can be assumed that only reversible events, such
as plasticization or swelling, occurred during the exposure. All the water absorbed was
most likely weakly bonded through the establishment of weak energetic bonds, like Van
der Waals or hydrogen bonds.

Two stages were also observed for the LE membranes. The first stage was similar to
that for the FBE membrane, with a fast mass gain between 0 and 5 days. It was followed by a
second stage, characterized by a constant mass increase at a slower rate until about 400 days
(~100 h0.5), achieving a 5.5% mass gain. As for the FBE, the first stage was controlled by
diffusion, as opposed to the method in the second stage. Despite diffusion being the
main water uptake transport in epoxy polymer, a more complex phenomenon can also be
observed due to, for example, a possible irreversible change of the epoxy polymer resulting
from the action of water, like hydrolysis, lixiviation of components, etc. [38–40,43–46].
The continuous mass increase observed showed that a water saturation of the polymeric
matrix was not reached, indicating a Langmuir-like process. Langmuir adsorption is
common in a filled polymer where micro-cavities can be formed at the polymer/filler
boundary, inducing water accumulation, e.g., blistering [43,47]. The absence of a water
saturation plateau right after the initial fast mass gain could also be explained by (i) a
limited water diffusion in a highly crosslinked polymer [40], (ii) a possible consumption of
water molecules by a hydrolysis process, and/or (iii) an increase in the hydrophilicity of
the polymer, or (iv) a decrease in the crosslinking density [38]. After one year of exposure at
room temperature, the obtention of water saturation was not attained, which is consistent
with the literature data, in which it was shown that a continuing water uptake for several
years could occur [43]. The degradation of the LE membranes by immersion in deionized
water was confirmed by the obtention of a significant mass loss (−3%) after drying at the
end of the exposure. This mass loss was explained in the literature by a leaching process
and the release of soluble species like polar plasticizers, and the extraction of non-cured
polymer chains and/or polymer fragments due to polymer degradation [38,39]. Analysis
of the solution used for the immersion has shown that the polymeric matrix has released
organic compounds (1428 mg.L−1), as well as Ca2+, Mg2+, and traces of Ti4+ (below the
quantification limit), all cations possibly resulting from filler leaching. Furthermore, the pH
of the solution was measured, and a pH greater than to 10 was found. By comparison, the
solution in which the FBE was immersed has only released traces of organic compounds
(14.08 mg.L−1) and traces of Ca2+, Mg2+ and Ti4+ (all below the quantification limit).

The irreversible degradation of the LE was also highlighted using microscopic ob-
servations by SEM using cross-sectional configuration (see Figure 5). The formation of
cavities and the hint of mineral filler attack were observed. EDX analysis revealed that the
mineral fillers attacked were most probably made of dolomite (CaMg(CO3)2) or lizardite
(Mg3Si2O5(OH)4). The cross-sectional geometry showed that the degradation occurred in
the bulk of the LE, and not only at the surface (which was in contact with the aging solution).

Additional characterization was performed by Raman spectroscopy in an attempt to
highlight polymer degradation or changes in the mineral fraction. From previous results,
the distribution of the mineral fraction (TiO2 and MgCO3) upon aging was investigated
as shown on Figure 6. Thus, the band area of the attributed species was integrated and
normalized with the intensity of the 1610 cm−1 signal. In addition to the mineral fraction,
the band amplitude at 1003 cm−1, typical of the aromatic cycle, also appeared to be impacted
by aging, indicating a possible polymer degradation or leaching of the solvent.



Coatings 2023, 13, 1949 8 of 20

Coatings 2023, 13, x FOR PEER REVIEW 8 of 21 

The irreversible degradation of the LE was also highlighted using microscopic obser-

vations by SEM using cross-sectional configuration (see Figure 5). The formation of cavi-

ties and the hint of mineral filler attack were observed. EDX analysis revealed that the

mineral fillers attacked were most probably made of dolomite (CaMg(CO3)2) or lizardite 

(Mg3Si2O5(OH)4). The cross-sectional geometry showed that the degradation occurred in 

the bulk of the LE, and not only at the surface (which was in contact with the aging solu-

tion). 

(a) (b) 

Figure 5. SEM images (in backscattered mode) of the LE free membrane (cross-section) (a) before 

aging and (b) after one year of exposure in deionized water at room temperature. 

Additional characterization was performed by Raman spectroscopy in an attempt to 

highlight polymer degradation or changes in the mineral fraction. From previous results, 

the distribution of the mineral fraction (TiO2 and MgCO3) upon aging was investigated as 

shown on Figure 6. Thus, the band area of the attributed species was integrated and nor-

malized with the intensity of the 1610 cm−1 signal. In addition to the mineral fraction, the 

band amplitude at 1003 cm−1, typical of the aromatic cycle, also appeared to be impacted 

by aging, indicating a possible polymer degradation or leaching of the solvent. 

Resin (1003 cm−1) TiO2 (447 cm−1) CO32− (1098 cm−1) 

N
o

n
 e

x
p

o
se

d

(a) (b) (c) (d)

D
ei

o
n

iz
ed

 w
at

er
 

(1
2 

m
)

(e) (f) (g) (h)

Figure 6. Raw LE sample (top) and LE exposed to deionized water (bottom). Images (a) and (e) are 

visible images in white light; (b–d) and (f–h) are spatial distribution of species obtained by integrat-

ing their characteristic Raman peak intensities. Images (b) and (f) are from the resin (1003 cm−1), (c)

and (g) are from the rutile (447 cm−1), and (d) and (h) are from the carbonate (1098 cm−1). 

Figure 5. SEM images (in backscattered mode) of the LE free membrane (cross-section) (a) before
aging and (b) after one year of exposure in deionized water at room temperature.

Coatings 2023, 13, x FOR PEER REVIEW 8 of 21 
 

 

The irreversible degradation of the LE was also highlighted using microscopic obser-

vations by SEM using cross-sectional configuration (see Figure 5). The formation of cavi-

ties and the hint of mineral filler attack were observed. EDX analysis revealed that the 

mineral fillers attacked were most probably made of dolomite (CaMg(CO3)2) or lizardite 

(Mg3Si2O5(OH)4). The cross-sectional geometry showed that the degradation occurred in 

the bulk of the LE, and not only at the surface (which was in contact with the aging solu-

tion). 

  

(a) (b) 

Figure 5. SEM images (in backscattered mode) of the LE free membrane (cross-section) (a) before 

aging and (b) after one year of exposure in deionized water at room temperature. 

Additional characterization was performed by Raman spectroscopy in an attempt to 

highlight polymer degradation or changes in the mineral fraction. From previous results, 

the distribution of the mineral fraction (TiO2 and MgCO3) upon aging was investigated as 

shown on Figure 6. Thus, the band area of the attributed species was integrated and nor-

malized with the intensity of the 1610 cm−1 signal. In addition to the mineral fraction, the 

band amplitude at 1003 cm−1, typical of the aromatic cycle, also appeared to be impacted 

by aging, indicating a possible polymer degradation or leaching of the solvent. 

  Resin (1003 cm−1) TiO2 (447 cm−1) CO32− (1098 cm−1) 

N
o

n
 e

x
p

o
se

d
 

 
   

(a) (b) (c) (d) 

D
ei

o
n

iz
ed

 w
at

er
 

(1
2 

m
) 

    
(e) (f) (g) (h) 

Figure 6. Raw LE sample (top) and LE exposed to deionized water (bottom). Images (a) and (e) are 

visible images in white light; (b–d) and (f–h) are spatial distribution of species obtained by integrat-

ing their characteristic Raman peak intensities. Images (b) and (f) are from the resin (1003 cm−1), (c) 

and (g) are from the rutile (447 cm−1), and (d) and (h) are from the carbonate (1098 cm−1). 

Figure 6. Raw LE sample (top) and LE exposed to deionized water (bottom). Images (a,e) are visible
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characteristic Raman peak intensities. Images (b,f) are from the resin (1003 cm−1), (c,g) are from the
rutile (447 cm−1), and (d,h) are from the carbonate (1098 cm−1).

A homogeneous distribution of the resin (b), as well as TiO2 (c) in the resin, was
observed for the non-exposed sample, whereas the MgCO3 (d) distribution seemed more
local. After immersion in deionized water, the aspect of the LE (e) began to change, but it
was not drastically different. When looking at the distribution of the signal at 1003 cm−1, it
seemed that its intensity was a bit decreased, but its distribution was still homogeneous.
The same conclusion was drawn for the distribution of TiO2. The distribution of MgCO3
was still highly localized, but when looking at the intensity scale, the intensity was higher
than for the reference. This could indicate a carbonatation process occurring through the
dissolution of other phases in the polymer and the reprecipitation of MgCO3. As noticed
previously, a possible dissolution of dolomite CaMg(CO3)2, due to the alkalinity of the
solution, is occurring, even for immersion in deionized water, and the susceptibility of
dolomite to the alkaline solution was suggested in the literature [48].

3.2. Aging Effect of Alkaline Solution at Different pH

Immersion in deionized water at room temperature has shown the susceptibility of
LE to leaching and degradation, and on the contrary, the stability of the free membrane of
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FBE. Next, the possible effect of alkaline pH induced by a cathodic protection environment
on the aging of the coating must be studied. The use of NaOH was motivated by the
predominance of Na in the corrosive environment and in the coating qualification tests
(NaCl). Thus, the free membranes were exposed to a solution of NaOH at pH 13 and pH 14
at room temperature.

The evolution of the mass gain versus the exposure time for the FBE and the LE
samples in deionized water, with and without NaOH, at room temperature is represented
in Figure 7. No real difference was noted between immersion in deionized water, with and
without NaOH, showing the low susceptibility of the free membrane of FBE to alkalinity
(see Figure 7a). The alkalinity of the aging solution did not change the process of water
uptake, which still follows a Fickian-like process. Even the final mass gain was of the same
extent, i.e., between 1.2% and 1.5%. After drying, all the absorbed water was desorbed,
and no significant mass loss was observed. Analyzing the solution phase after the end of
exposure revealed only traces of organic and inorganic compounds at the same level as that
observed for immersion in deionized water. Further characterization by infrared or SEM
observations did not reveal signs of polymer degradation or attack of the mineral fillers
(see Supporting Information).
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On the contrary, increasing the alkalinity of the aging solution had a significant impact
on the behavior of the LE samples. Three profiles of water uptake were obtained as a
function of the alkalinity (see Figure 7b). Unlike the results for immersion in deionized
water, a clear mass loss was observed at pH 13 and 14 (black and blue curves). For pH 13
(black), several stages were observed, including an initial fast mass gain, showing water
absorption controlled by diffusion (0–5 days), a pseudo plateau, translating a first water
saturation phenomena at 1.5% of mass gain (5–50 days), followed by a rapid mass loss with
a negative slope (50–75 days), and finally, a stabilization around −0.5% of mass gain. This
most likely indicated a significant mass loss and was surely linked to a leaching process, as
previously highlighted by immersion in deionized water [38–40,43,45,46]. Leaching due to
the action of the pH was also evidenced by Yin et al. [49] on vinylester resin. Leaching of
plasticizers from the coating formulation was also demonstrated by Roggero et al. [50]. A
change in the coating film thickness could also have contributed to this negative mass gain.

For the highly alkaline solution at pH 14, several stages in the water uptake were
observed, with a mass gain first observed between 0 and 5 days. It was controlled by
diffusion, with a mass gain of about 1.5%, which was similar to the first stage observed for
immersion in deionized water and in pH 13. The initial water absorption thus appeared
not to be impacted by the alkalinity. This stage was followed by a second mass gain at
a slightly lower rate, between 5 and 26 days, of about 5% (close to values observed for
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deionized water), the last stage being a constant mass loss, with no stabilization, even after
430 days of exposure.

The influence of the pH on the water uptake is not clearly demonstrated in the
literature and seemed to depend upon the chemical nature of the polymer [45,51]. For pH
13, the mass gain never reached the values obtained for deionized water, in contrast to what
was observed for the pH 14 solution. Competitive phenomena between water uptake and
the membrane degradation might explain these values [39]. This suggestion is supported by
solution analysis and the mass loss obtained after drying. A clear difference between water
immersion and the alkaline solutions was observed, with a higher mass loss around −10%
for the alkaline solutions (−3% for deionized water). At pH 13, organic compounds were
detected but at the same level as for the deionized water (1475 mg.L−1 and 1428 mg.L−1,
respectively). Unfortunately, the determination of the organic compounds leached for the
pH 14 was not possible due to the high pH of the analyzed solution. Traces of Ca2+, Mg2+,
and Ti4+ (all under quantification limits) were also detected, but their quantification may
have been hindered by the alkalinity of the solution. At pH 14, the polymer degradation
may have happened so fast that it left some free space for water uptake. Silicates are known
to be sensitive to pH, and their dissolution rate can increase with the pH [51]. Unfortunately,
solution analysis to measure silicates was not possible due to the high pH of the solution,
even for deionized water, despite the attempt to lower the pH with the addition of acid.

The possible polymer degradation was investigated using of infrared spectroscopy.
Free membranes of LE aged in deionized water, at pH 13 and pH 14, were characterized,
and the obtained results are represented in Figure 8.
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Figure 8. Infrared spectra as a function of the aging conditions after 12 months of exposure for an LE
free membrane (a) between 600 cm−1 and 1800 cm−1 and (b) between 2600 cm−1 and 3800 cm−1.

No sign of hydrolysis was observed, regardless of the conditions considered (see
Figure 8b). Furthermore, no sign of hydrogen bonds was observed, even though this
was expected [52,53]. This can be explained by the dry state of the film, as the infrared
analysis was carried out several days after the end of the test, preventing the collection
of information about the water content in the film. Gravimetric measurements during
the drying of the free membranes after testing revealed that even a simple drying under
laboratory conditions led to significant desorption. The only change in infrared spectra
was observed for pH 14 near 880 cm−1, 1440 cm−1, and 1775 cm−1, and this was most
certainly linked to a possible enrichment in MgCO3 [54,55]. This enrichment in MgCO3
could be linked to the dissolution of other phases like CaMg(CO3)2 in alkaline media [48].
As for immersion in deionized water, a hint of mineral filler dissolution was observed by
SEM (see Figure 9). In addition to this dissolution, traces of cavity formation, delamination
between the filler and the polymeric matrix, and cracks were noted. EDX analysis of the
mineral fillers confirmed that the mineral fillers dissolved by the action of the pH were
most likely CaMg(CO3)2 and lizardite, the same as the results observed in deionized water.
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Figure 9. SEM images, in backscattered mode, of the LE free membrane (cross-section) (a) before
aging, (b) after one year of exposure in deionized water at room temperature, and (c) after one year of
exposure in deionized water at pH 14 and at room temperature. Red arrows indicate morphological
changes.

The distribution of MgCO3, TiO2, and the band amplitude at 1003 cm−1 (aromatic
cycle) were also followed by Raman spectroscopy, as represented in Figure 10. After
aging at pH 14, the surface of the LE (e) was highly impacted by the aging and became
rough. Some bending of the samples was also observed due to immersion (which was also
seen for deionized water), and the samples were more fragile and brittle. In regards to
the distribution of the 1003 cm−1 (f), clear spots (in blue), with lowered intensities, were
observable showing areas depleted in phenyl signals, indicating polymer degradation
or leaching of the coating component. The principal component of the polymeric matrix
being the epoxy (DGEBA containing aromatic ring), it is logical to first think that this
variation is linked to the matrix. However, no other signs of degradation of the polymeric
matrix were observed, either by infrared or Raman measurements. When leaching from
epoxy matrix was seen in the literature and analysis carried out on the solution in which
the coupons were exposed, it was found that other components, like residual solvents,
unreacted hardener, plasticizers, etc., could be leached [38,39,50]. It is then more plausible
that the variation observed was linked to the residual solvents or plasticizers.
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Figure 10. Raw LE sample (top) and LE exposed to solution at pH 14 (bottom). Images (a,e) are
visible images in white light; (b–d,f–h) are spatial distribution of species obtained by integrating
their characteristic Raman peak intensity: (b,f) are for the resin (1003 cm−1), (c,g) are for the rutile
(447 cm−1), and (d,h) are for the carbonate (1098 cm−1).
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The distribution of depleted areas of TiO2 (g) correlated with the area of depleted
phenyl. Concerning MgCO3 (h), again the distribution was still highly localized, with a
higher intensity scale than that for the reference, but lower than for the aging in deionized
water. The enrichment in carbonates (MgCO3 and CaCO3) was confirmed by XRD mea-
surements. Additional enrichment of clinochlore was also observed. It should be noted
that after aging, no more lizardite was detected by XRD, which could mean that it was
dissolved by the aging.

3.3. Impact of Aging in Alkaline Media on Coating Performance

Following the evolution of the coating impedance with time, through the measurement
of the coating resistance, Rc seems to be a relevant approach for determining coating aging,
at least in terms of electrical behavior. This parameter is already used on site as acceptation
and coating quality criteria for different standards [56–58]. The impedance modulus at
low frequency, obtained by EIS and coating resistance (Rc), can be linked by fitting EIS
data with an equivalent circuit by fixing the value of the capacitance. A decrease in coating
resistance leads to the appearance of an impedance plateau at low frequency. For a constant
capacity, in a given frequency range, the higher the coating resistance, the sharper the
impedance plateau at low frequency.

3.3.1. Free Membrane Configuration

The Bode plots (impedance modulus and phase angle), as a function of the time of
exposure for free membranes of FBE and LE in deionized water at room temperature, are
reported in Figure 11. The degradation of the LE due to exposure in deionized water had an
impact on the barrier properties of the polymer, as shown in Figure 11. For both membranes,
before exposure (pink star), a linear decrease in the impedance at a logarithm scale from
10−2 to 106 Hz, with no visible plateau, was observed. This indicated a capacitive behavior,
i.e., a highly resistant coating associated with good ionic barrier properties [21,59,60]. This
capacitive behavior is also visible on the phase angle plots, where the initial phase angle
is around −90◦. No significant change in the impedance modulus was seen for the free
membrane of FBE as a function of the time of exposure. Some changes in the phase angles
plots were observed, especially after 12 months of aging, which could suggest a decay in
barrier properties in line with a slight decrease in the low impedance modulus.

For the LE free membrane, an impedance plateau at low frequency appeared, with the
lowest value around 109 Ω.cm2, which is in line with the evolution of the phase angle. The
impedance modulus decrease at low frequency can be associated with a reduction in the
barrier properties of the coating, but they are not totally lost [61–63]. Indeed, the resistive
part of the coating can be extracted from this region, representing the coating’s prevailing in-
tegrity [60,61,63]. Generally, coating failure is initiated when the low frequency impedance
modulus drops below 106 Ω.cm2 [64]. This drop can be explained by the appearance of
porosities in the coating due to water interaction, physically adding ionically conductive
paths (microscopic pores or virtual pores) [21]. The change in the mineral fraction observed
previously might explain the lowered barrier property of the free membrane of LE as part
of the role that mineral fraction plays in water penetration. Vosgien Lacombre et al. [65]
have evaluated the possible effect of pigment on water uptake and have shown that it
might affect the extent of polymer swelling.
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Figure 11. Evolution of the impedance modulus (a,b) and the phase angle (c,d) in 3.5% NaCl as a
function of the frequency and time of exposure for a free membrane of FBE (a,c) and LE (b,d) exposed
in deionized water at room temperature.

The Bode plots (impedance modulus and phase angle), as a function of the aging
solution for the free membranes of FBE and LE, are reported in Figure 12. For the LE
aged in a solution at pH 13 and pH 14, a plateau at the low frequency modulus was seen,
with a modulus at low frequency lower than 106 Ω.cm2. This indicated a total loss of the
barrier property. In addition to this drop of modulus at a low frequency, an increase in the
capacitance was visible, particularly for the solution at pH 14. This capacitance increase
might be linked to a higher water uptake at high alkaline pH (8.4% for deionized water,
8.8% at pH 13, and 9.4% at pH 14). Additional experiments (not shown) highlighted that
the LE degradation was rapid in a solution at pH 14, as a total loss of barrier properties
was observed after only 3 weeks of exposure. On the contrary, for the FBE, no significant
loss of the barrier property was observed, regardless of the pH of the solution, which was
in agreement with the results of other studies.
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Figure 12. Evolution of the impedance modulus (a,b) and the phase angle (c,d) in 3.5% NaCl as a
function of the frequency and the pH of the solution for a free membrane of FBE (a,c) and LE (b,d)
exposed at room temperature after 12 months and subsequent drying.

3.3.2. Coated Steel Configuration

The results for the free membranes showed that the tested LE could be impacted by
alkaline aging, and its barrier properties could be reduced, whereas the FBE membrane
remained quite resistant to this type of aging in terms of barrier properties. Considering
these results, one might wonder if the coating would exhibit the same susceptibility when
applied on steel, with only the external part of the coating (without defect and edges)
exposed to the alkali environment.

The evolution of the current passing through the coating, as a function of the time
of exposure for both coatings, is represented in Figure 13. No evolution of the current
density was noted for the FBE, and the current values remained low, between 10−4 mA
and 10−3 mA. This low current tended to show that the FBE was not impacted by the
alkaline cleaning. The observed fluctuations (noise and drop to 10−4 mA) are attributed to
experimental artefacts. On the contrary, for the LE, a significant increase in the current was
observed between 60 and 145 days as a function of the replicate. The time to failure (current
increase) was higher than that observed for the free membrane and is most probably linked
to the fact that only one face of the sample was exposed to the aging solution.
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Figure 13. Evolution of the current passing through the coating as a function of exposure time for
(a) FBE coated steel and (b) LE coated steel at room temperature and pH 14. Both replicates are
represented.

This current increase was in agreement with a drop in the impedance modulus at
low frequency and the appearance of a plateau, as shown in Figure 14a. At t = 0, the EIS
spectrum was noisy especially, at low frequency, and was linked to the highly resistive
behavior of the coated steel. As explained in the experimental section, after testing, the
samples were cut to fit into the Faraday cage to confirm the results obtained directly from
the experimental setup. The new EIS spectrum was recorded more than one month after
the end of the exposure, which can explain the fact that the obtained impedance was higher,
with no sign of a plateau at low impedance. This was most likely linked to the fact that the
samples were in unsaturated conditions. When the low frequency modulus at 0.01 Hz was
monitored for an aged LE at pH 14 and an unaged LE immersed in 3.5% NaCl (allowing
the coating to be re-saturated in water), a drop in the impedance modulus at low frequency
was observed, as represented in Figure 14b. After 12 h of exposition in 3.5% NaCl, the low
frequency modulus for the aged LE (RT 12 months; pH 14) started to decrease, reaching
values below the limit of 106 Ω.cm2 after 20 h of exposition, whereas the low frequency
modulus of the unaged LE remained at high values. For the FBE, the impedance remained
high, which was in agreement with the current monitoring.
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Figure 14. (a) Impedance spectrum after 12 months of exposure and (b) evolution of the low fre-
quency modulus at 0.01 Hz as a function of the time of exposure for LE coated steel. All replicates
are represented.
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The current monitoring and the EIS measurements suggested that upon aging, the LE
lost its barrier properties. However, in the case of free membrane configuration, changes in
the EIS spectra can be directly related to a change in the barrier properties of the coating,
whereas in the coated steel configuration, the interface between the coating and the steel
can play a significant role [66–68]. Indeed, Kittel et al. [66], using an experimental method
for separating the inner and outer part of a coating, were able to highlight the importance
of the interfacial region when it is actively participating in the protective action. In any
case, a decrease in the coating barrier property can lead to more water uptake and the
weakening of the interface, showing the close relationship between all coating properties.
The pull-off measurements after testing clearly showed that the LE–steel interface was
impacted by aging (see Figure 15). Before aging (Figure 15a,b), no interface failures were
observed, and mainly high pull-off forces (>20 MPa) were obtained. After aging, only
failures at the LE/steel interface were observed, and the pull-off forces dropped to values
close to 7.0 MPa, on average. Thus, the drop in the low frequency modulus observed by
impedance for the LE was most likely linked to a decrease in the barrier property due to
aging, leading to a weakening of the steel–coating interface. Again, for the FBE, the effect
of the pH was limited, and no differences, before and after aging, were observed with the
pull-off test.
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4. Discussion

The compatibility between coatings and cathodic protection is not only dependent on
the ability of the coating to resist cathodic disbondment. Coating aging in the presence
of an alkaline media must also be considered. This aging can have an impact on the
water ingress, as well as the physical and chemical stability of the coating, ultimately
affecting its macroscopic properties, and consequently, its capacity to protect steel [17].
Highlighting this impact requires the use of a multiscale and multi-technique approach.
Water uptake measurements have proven to be a useful tool, especially when the coating
is experiencing leaching, either from the coating degradation or from soluble compounds
initially present. However, it was not sufficient, as it did not provide any information
regarding the degradation mechanism or its impact on the macroscopical properties.

From the coatings tested in this study, two behaviors were obtained: either a resistance
to alkaline media or a sensitivity to alkaline environments. In the case of the LE exposed to
deionized water, a dissolution of mineral fillers supported by SEM-EDX and XRD analyses,
with an enrichment in MgCO3 and a depletion of dolomite and/or lizardite, was identified
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as the main degradation mechanism. Raman mapping of the sample surfaces supports these
results. The mineral fillers having a rather large size, ~30 µm on average, and their leaching
could increase porosity. This increase in porosity led to a decrease in the barrier coating
properties by adding more paths for electrolyte diffusion and weakening the steel–coating
interface. The weakening or the steel–coating interface was evidenced by the adhesion test
(pull-off), where a failure at the steel–coating interface was observed. In alkaline solutions,
a similar degradation process was noted, but it was accelerated in comparison to the results
obtained from immersion in deionized water. It also led to the observation of a higher mass
loss for the alkaline solutions. For the FBE, regardless of the parameter considered (mass
loss, barrier property, etc.), no sign of degradation was evidenced, either in deionized water
or in the alkaline solutions. One would have expected some effect of the alkaline media,
since both coatings were based on epoxy chemistry.

In the case of this work, it was not the chemical structure of the coating which was
impacted by the aging, but rather the fillers and additives present in the formulation.
Indeed, no clear trace of polymer degradation was found by spectroscopy analyses (infrared
or Raman) for either coating (FBE and LE). On the other hand, in the case of the LE, the
dissolution of the mineral fillers was clearly demonstrated. Most of the work in the
literature focuses on the water uptake of epoxy resin with a particular hardener, or on
the water uptake of a particular chemistry class [38,43,44,46]. Only few works integrate
the influence of the other components, despite their importance in coating stability under
aging [65,69]. The results obtained in this work show the importance of considering all the
coating ingredients when studying industrial polymer degradation, as formulation of a
commercial organic coating is complicated and can contain as many as 20 ingredients.

Despite the results obtained for the FBE and LE tested in this study, a general con-
clusion about the sensitivity (or the lack thereof) of the FBE/LE coating family to alkaline
aging cannot be drawn. Since a coating is a complex system containing many components
(organic binder, pigments, additives), all the obtained results are thus limited to the specific
coating formulations and applications tested.

5. Conclusions

In this study, the possible impact of alkaline aging on two coatings: a fusion-bonded
epoxy—FBE, and a liquid epoxy—LE, was investigated. These coatings were studied in
two configurations, as free membranes and on coated steel. A multi-technical approach was
used, combining mostly gravimetry study and electrochemical impedance spectroscopy,
coupled with additional characterization employing several analytical tools. From the
results, the following conclusions may be drawn:

• The free membrane approach and methodology have been proven to an interest-
ing way to show degradation under immersion and have a correlation with coated
steel behavior.

• For this FBE, no firm influence of the pH on polymer degradation was observed (for
either a free membrane and coated steel).

• This LE was sensitive to aging, even in deionized water, in which the leaching of
mineral fillers was highlighted. The degradation of the LE was accelerated in the
alkaline solution. The leaching of mineral fillers led to a loss of barrier properties,
ultimately resulting in the weakening of the polymer–steel interface, as illustrated
by interfacial failure. These conclusions show the importance of considering coating
aging resulting from alkalinity induced by CP.

• The decrease in coating resistance is expected to further accelerate aging through an
increase CP current demand and related local alkalinity. It should be noted that the
results obtained and presented applied only to precise formulations of LE and FBE;
however, the proposed chemical method appears relevant and shows the necessity of
considering such specific aging in regards to coating specifications and improvements.
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